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The Marine Engineer ing  Laboratory i s  charged wi th  

t h e  d i s c o v e r y  of fundamental knowledge, t h e  
development of new and unique equipment t o  meet 

and a n t i c i p a t e  new naval  requirements ,  a n a l y s i s  

o f  Fleet machinery failures, and e v a l u a t i o n  of  

p r o t o t y p e s  ta i n s u r e  h i g h  performance and re!i a -  

b i l i t y  i n  the F l e e t .  Dedicated t o  progress i n  

nava l  e n g i n e e r i n g ,  t h e  Marine Engineering Lab- 
oratory c o n t r i b u t e s  t o  t h e  t e c h n i c a l  e x c e l l e n c e  
and s u p e r i o r i t y  o f  t h e  Navy today - and tomorrow. 

I t 
ANY M A T T E R S  OF COMMERCIAL COYFIDENCE INCLUDED l h i  

T H I S  REPORT MUST BE TREATED W I T H  DUE R E G A R D  FOR 
T H E  S k FEGU44DiVG O F  PROPSIETARY INTERESTS. 

-!-HE INFORMATiON COYTALNED HEREIN SHALL MOT 3 E  
U S E D  FOii  ADVERTISINS P U R P O S E S. 

THIS R E P O S T  HAS SEEN MACHiWE ASSEMBLED. f F  

A N Y  P 4 G E S  A R E  M I S S I N 6 ,  PLEASE REQUEST FROM MEL. 
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NASA 

S c i e n t i f i c  and T e c h .  I n f .  Fac. 
C o l l e g e  Park, M d .  20740 
A t t n :  NASA R e p .  (3)  

Wash. D .  C .  20546 
A t t n :  RNW/E. M. C o h n  

Wash. , D .C.  20546 
A t t n :  FC/A. M. G r e g  A n d r u s  

G o d d a r d  Space F l i g h t  C e n t e r  
G r e e n b e l t ,  M d .  20771 

NASA 

NASA 

NASA 

NASA 
L e w i s  R e s e a r c h  C e n t e r  
21000 B r o o k p a r k  R d .  
C l e v e l a n d ,  O h i o  44135 
A t t n :  R .  L .  C u m m i n g s ,  

MS 500-201 

L e w i s  R e s e a r c h  C e n t e r  
21000 B r o o k p a r k  R d .  
C l e v e l a n d ,  O h i o  44135 
A t t n :  R .  R.  M i l l e r ,  

NASA 

ME 5000-202 
NASA 

G e o .  C .  Marshall Space 
F 1 igh t C en t e r  
H u n t s v i l l e ,  A l a .  35812 
A t t n :  P h i l i p  Y o u n g b l o o d  

G e o .  C .  Marshall Space 
F l i g h t  C e n t e r  
H u n t s v i l l e ,  A l a .  35812 
A t t n :  R i c h a r d  B o e h m e  

NASA 

B l d g .  4 4 8 7 , ~ ~  
NASA 

A t t n :  T h o m a s  H e n n i g a n ,  C o d e  716.2 Manned Spacecraft  C e n t e r  
NASA 

G o d d a r d  Space F l i g h t  C e n t e r  
G r e e n b e l t ,  M d .  20771 
A t t n :  Joseph Sherfey, C o d e  735 

Langley R e s e a r c h  C e n t e r  
Instrument R e s .  D i v .  
  amp ton, V a .  23365 
A t t n :  John L.  Pa t te rson ,  MS-234 

Langley R e s .  C e n .  
I n s t rumen t  R e s .  D i v .  
H a m p t o n ,  V a .  23365 
A t t n :  M.  B. S e y f f e r t ,  MS 112 

L e w i s  R e s .  C e n t e r .  
21000 B r o o k p a r k  R d .  
C l e v e l a n d ,  O h i o  44135 
A t t n :  N .  D.  Sande r s ,  MS 302-1 

NASA 

NASA 

NASA 

~ 

H o u s t o n ,  Texas 7705@ 
A t t n :  W i l l i a m  R .  D u s e n b u r y  
Propuls ion & E n e r g y  Systems 
B r a n c h  
B l d g .  16, S i t e  1 

Manned Spacecraft Cen te r  
H o u s t o n ,  Tex. 77058 
A t t n :  R o b e r t  C o h e n  
G e m i n i  Project O f f i c e  

Manned Spacecraft C e n t e r  
H o u s t o n ,  Texas 77058 
A t t n :  R i c h a r d  Ferguson ( E P - 5 )  

Manned Spacecraft C e n t e r  
H o u s t o n ,  Texas 77058 
A t t n :  James T .  K e n n e d y  ( E E - 5 )  

NASA 

NASA 

NASA 
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NASA 
Manned Spacecraft C e n t e r  
H o u s t o n ,  T e x a s  77058 
A t t n :  Forrest E.  E a s t m a n  ( E E - 4 )  

A m e s  R e s e a r c h  C e n t e r  
Pioneer Project 
Moffett F i e ld ,  C a l i f .  94035 
A t t n :  Jas. R. S w a i n / A .  S. H e r t z o g  

A m e s  R e s e a r c h  C e n t e r  
Moffett F i e ld ,  C a l i f .  94035 
A t t n :  Jon R u b e n z e r  
B i o s a t e l l i t e  Project 

J e t  Propulsion Laboratory 
4800 O a k  G r o v e  D r i v e  
Pasadena, C a l i f .  91103 
A t t n :  A i j i  U c h i y a m a  

F t .  B e l v o i r ,  V a -  22060 
E l e c t r i c a l  P o w e r  B r a n c h  

NASA 

NASA 

lT u. LJ. @ -*&..I A-77 W n m i n e e T  --*--- R & n  __ Labs. 

SMOFB -EP 
C o m m a n d i n g  O f f i c e r  

U.S .  A r m y  E l e c t r o n i c s  R&D Labs. 

A t t n :  P o w e r  Sources D i v .  
F t .  MOnmOUth,  N. J. 07703 

C o d e  SELRA/PS 

R a n d  D. D i r e c t o r a t e  
A r m y  Weapons Command 
R o c k  Is land,  Ill .  61201 
A t t n :  M r .  G. R i e n s m i t h ,  C h i e f  

U. S. A r m y  R e s e a r c h  O f f i c e  
B o x  CM, D u k e  S t a t ion  
D u r h a m ,  NO. C a r o l i n a  27706 
A t t n :  D r .  W i l h e l m  Jorgensen 

C l o t h i n g  & O r g a n i c  Materials D i v .  
N a t i c k ,  M a s s .  01760 
A t t n :  R o b e r t  N. W a l s h / G .  A .  Span0 

R e s e a r c h  O f f  ice 

N a t i c k  Laboratories 

H a r r y  D i a m o n d  Laboratories 
Room 300, B u i l d i n g  92 
C o n n .  A v e .  & V a n  N e s s  S t .  N.W. 
Wash. D. C. 20438 
A t t n :  N a t h a n  K a p l a n  

A r m y  Material Command 
R e s e a r c h  D i v .  

Wash. D.  C. 20315 
A t t n :  John W. C r e l l i n  

A r m y  Material Command 
D e v e l o p m e n t  D i v i s i o n  

Wash. D. C.  20315 
A t t n :  Marshall D. A i k e n  

AMCRD -RSCM-T -7 

AMCRD-DE-MO-P 

U. S.  A r m y  TRECOM 
F t .  E U S t i S ,  V a .  23604 
A t t n :  D r .  R. L.  E c h o l s  

(SMOFE-PSG) 
U. S. A r m y  TRECOM 

F t .  E U S t i S ,  V a .  23604 
A t t n :  Leonard M. B a r t o n e  

( SMOFE-ASE) 
U.  S. A r m y  Mobili ty Command 

R e s e a r c h  D i v .  
C e n t e r  L ine ,  Mich. 48@0 
A t t n :  0. R e n i u s  (AMSMO-RR) 

Wash. D. C .  20360 
A t t n :  H e a d ,  P o w e r  B r a n c h ,  

O f f i c e  of N a v a l  R e s e a r c h  

C o d e  429 
O f f i c e  of N a v a l  R e s e a r c h  

D e p t .  of the N a v y  
wash. D.  C .  20360 
A t t n :  H. W. Fox, C o d e  425 

N a v a l  R e s e a r c h  Laboratory 
Wash. D.  C .  20390 
A t t n :  D r .  J. C. White, 

C o d e  6160 
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D i s t r i b u t f i o n  L i s t ,  ( C o n t h )  

B u r e a u  of N a v a l  Weapons 
D e p t .  of the N a v y  
Wash. D.  C .  20360 
A t t n :  W h i t e w a l l  T .  B e a t s o n  

( C o d e  RAAE-52) 
B u r e a u  of N a v a l  Weapons 

nepartmer,t cf t h e  Navy 
bJa sh ingt l?n  ~ n . c . 20360 
A t t n :  Mil ton K n i g h t  ( C o d e  RAAE-50) 

N a v a l  A m m u n i t i o n  D e p o t  
C r a n e ,  Ind .  47522 
A t t n :  E .  B r u e s s / H .  Shu l t z  

N a v a l  O r d n a n c e  Laboratory 
D e p a r t m e n t  of the N a v y  
C o r o n a ,  C a l i f .  91720 
A t t n :  Wm. C .  Sp ind le r  ( C o d e  441) 

N a v a l  O r d n a n c e  Laboratory 
D e p a r t m e n t  of the N a v y  
Si lver  Spring,  M d .  20900 
A t t n :  P h i l i p  B .  C o l e  ( C o d e  WB) 

D e p a r t m e n t  of the N a v y  
Washington, D.  C .  20360 
A t t n :  C .  F. V i g l o t t i  ( C o d e  660) 

D e p a r t m e n t  of the N a v y  
Washington, D.C.  20360 
A t t n :  B e r n a r d  B .  R o s e n b a u m  

( C o d e  340) 
Space Systems D i v .  

Los A n g e l e s  AF S t a t i o n  
Los A n g e l e s ,  C a l i f .  90045 
A t t n :  SSSD 

F l i g h t  V e h i c l e  P o w e r  B r a n c h  
A e r o  Propuls ion L a b .  
Wright-Patterson AFB, O h i o  45433 
A t t n :  J a m e s  E. C o o p e r  

L .  G .  H a n s c o m  F i e l d  
B e d f o r d ,  Mass. 01731 
A t t n :  Commander (CRO) 

B u r e a u  of Ships 

B u r e a u  of Ships 

A i r  Force C a m b r i d g e  R e s .  Lab .  

i v  

Rome  A i r  D e v e l o p m e n t  C e n t e r ,  
ESD, G r i f f i s  AFB,  New Y o r k  
13442 

A t t n :  Frank J. Mollura 
(RASSM) 

N a t i o n a l  B u r e a u  of s tandards  
r 7- 

W d S i l .  2,. c .  m s j 4  
Atti-1: Dr. W. J. Hamer 

O f f i c e ,  DDR&E, USE & B S S  
T h e  Pentagon 
Wash. D .  C .  20310 
A t t n :  G .  B .  W a r e h a m  

M r .  D o n a l d  B .  H o a t s o n  
A r m y  R e a c t o r s ,  DRD 
U. S.  A t o m i c  E n e r g y  
C ommi s s i on  
Washington, D . C .  20545 

C h e m i c a l  P roducts  D i v .  
A z u s a ,  C a l i f .  91702 
A t t n :  D r .  S .  0.  R o s e n b e r g  

A e r o n u t r o n i c  D i v .  
Phi lco C o r p .  
Ford R o a d  
N e w p o r t  B e a c h ,  C a l i f .  92660 

A e r o j e c t - G e n e r a l  C o r p .  

A e r o s p a c e  C o r p .  
P.  0 .  BOX 95085 
Los A n g e l e s ,  C a l i f .  90045 
A t t n :  L ibrary  

A l l i s - C h a l m e r s  M f g .  C o .  
1100 South 70th S t .  
M i l w a u k e e ,  W i s c .  53201 
A t t n :  D r .  P. Joyner 

A m e r i c a n  U n i v e r s i t y  
Mass. & N e b r .  A v e . ,  N.W. 
Wash. D .  C .  20016 
A t t n :  D r .  R .  T .  Foley, 

C h e m i s t r y  D e p t .  
A r t h u r  D .  L i t t l e ,  I n c .  

A c o r n  Park 
C a m b r i d g e ,  M a s s .  02140 
A t t n :  D r .  E l l e r y  W. S tone  
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A t o m i c s  I n t e r n a t i o n a l  D i v i s i o n  
No .  A m e r i c a n  A v i a t i o n ,  Inc.  
8900 D e  Sota A v e .  
C a n o g a  Park, C a l i f .  91304 
A t t n :  D r .  H.  L. R e c h t  

B a t t e l l e  M e m o r i a l  I n s t i t u t e  
505 K i n g  A v e n u e  
C o l u m b u s ,  O h i o ,  43201 
A t t n :  D r .  C .  L.  F a u s t  

Murray H i l l ,  New Jersey 07971 
A t t n :  U. B .  T h o m a s / D .  A .  Feder 

T h e  B o e i n g  C o m p a n y  
P. 0. B o x  98124 
Seattle, Wash. 98124 

B o r d e n  C h e m i c a l  C o .  
C e n t r a l  R e s e a r c h  L-b.  
P. 0. B o x  9524 

B u r g e s s  B a t t e r y  C o .  

B e l l  Laboratories 

Phiiadelpkia, P . 19124 

n - - A  -6 -CIvnhant-yp St, L VVC. -6 I----- -. 

Freeport, Ill .  61032 
A t t n :  D r .  H o w a r d  J.  S t r auss  

D i v .  of E l e c t r i c  A u t o l i t e  C o .  
C o n s h o h o c k e n ,  Pa. 19428 
A t t n :  D r .  E u g e n e  Will ihnganz 

G r a n d  R pids, M i c h .  49506 
A t t n :  Prof .  T. P. D i r k s e  

C a t a l y s t  R e s e a r c h  C o r p .  
6101 F a l l s  R o a d  I 

B a l t i m o r e ,  M d  21209 
A t t n :  J. P. Wooley 

3 C e n t r a l  A v e n u e  
E a s t  N e w a r k ,  N. J. 07029 
A t t n :  Peter D .  R i c h m a n  

C & D B a t t e r i e s  

C l v i n  C o l l e g e  

C h e m C e l l  Inc.  

Delco R e m y  D i v .  
General Motors C o r p  

2401 C o l u r r i b u s  A v e .  
A n d e r s o n ,  Ind.  46011 
A t t n :  D r .  J. J. Lander 

A s t r o p o w e r  Lab. 
2121 C a m p u s  D r i v e  
N e w p o r t  B e a c h ,  C a l i f .  92663 
A t t n :  D r .  C a r l  B e r g e r  

Dynatech C o r p .  
17 Tudor S t .  
C a m b r i d g e ,  M a s s  02138 
A t t n :  R. L.  W e n t w o r t h  

E a g l e - P i c h e r  C o .  
P. 0. B o x  47 
J o p l i n ,  Mo.  64802 
A t t n :  E .  M. Morse 

107 N a t i o n a l  S t .  
E l g i n ,  I ll . ,  60120 
A t t n :  T .  B o s w e l l  

M i s s i l e  B a t t e r y  D i v .  
2510 Louisburg Rd .  
R a l e i g h ,  N o .  C a r o l i n a  27604 
A t t n :  A .  C h r e i t z b e r g  

E l e c t r i c  Storage B a t t e r y  C o .  
C a r l  F.  N o r b e r g  R e s e a r c h  

19 W e s t  C o l l e g e  A v e .  
Y a r d l e y ,  Pa. 19068 
A t t n :  D r .  R .  A .  Schaefer/ 

W. S. H e r b e r t  

Douglas A i r c r a f t  C o m p a n y ,  Inc. 

E l g i n  N a t i o n a l  Watch C o .  

E l e c t r i c  Storage B a t t e r y  C o .  

C e n t e r  

E l e c t r o c h i m i c s  C o r p .  
1140 O ' B r i e n  D r .  
M e m l o  Park, C a l i f .  94025 
A t t n :  D r .  Morris E i s e n b e r g  

E l e c t r o - O p t i c a l  Systems, Inc.  
300 N o .  H a l s t e a d  
Pasadena, C a l i f .  91107 
A t t n :  E. F i n d l  

V 
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D i s t r i b u t  i b n  List\ * ( C o n t i . )  

E m h a r t  Manufacturing C o .  
BOX 1620 
H a r t f o r d ,  C o n n .  06101 
A t t n :  D r .  W .  P .  C a d o g a n  

E n g e l h a r d  I n d u s t r i e s ,  I n c .  
497 DeLancy S t .  
N e w a r k ,  N .  J .  07105 
A t t n :  D r .  J .  G.  C o h n  

D r .  A r t h u r  Fleischer 
466 SO. C e n t e r  S t .  
O r a n g e ,  N .  J. 07050 

G e n e r a l  E l e c t r i c  eo. 
Schenectady, N.  Y . ,  12301 
A t t n :  D r .  R.  C .  O s t h o f f /  

D r .  W. C a r s o n  
A d v a n c e d  Tech. Lab. 

G e n e r a l  E l e c t r i c  C o .  
Missile & Space D i v .  
Spacecraft  D e p t .  
P .  0. B o x  8555 
P h i l .  Pa.  19101 
A t t n :  E .  W .  K i p p ,  Room T-2513 

G e n e r a l  E l e c t r i c  C o .  
B a t t e r y  P r o d u c t s  Sec t ion  
P .  0. B o x  114 
G a i n s v i l l e ,  F l a .  32601 

R e s e a r c h  Lab. 
Schenectady, N .  Y. 12301 
A t t n :  D r .  H .  Liebhafsky 

6767 H o l l i s t e r  S t .  
Santa B a r b a r a ,  C a l i f .  93105 
A t t n :  D r .  J .  S .  S m a t k o /  

D r .  C .  R. R u s s e l l  

G e n e r a l  E l e c t r i c  C o .  

G e n e r a l  M o t o r s - D e f e n s e  R e s e a r c h  Labs. 

G l o b e - U n i o n ,  I n c .  
900 E a s t  K e e f e  A v e .  
M i l w a u k e e ,  W i s c .  53201 

E n g i n e e r i n g  and R e s e a r c h  C e n t e r  
2630 Univ. A v e . ,  S .  E .  
Minneapolis, Minn. 55418 
A t t n :  J .  F .  D o n a h u e  

G o u l d - N a t i o n a l  B a t t e r i e s ,  I nd .  

G u l t o n  I n d u s t r i e s  

212 D u r h a m  A v e .  
I Metuchen, N .  J. 08840 I 

A l k a l i n e  B a t t e r y  D i v .  I 

A t t n :  D r .  R o b t .  Shair i 
H12ghee A i rc ra f t  C c r p .  

I C e n t i n d a  A v e .  & Teale St. 
C u l v e r  C i t y ,  C a l i f .  90230 
A t t n :  T .  V .  C a r v e y  

H u g h e s  A i r c r a f t  C O r p .  

B l d g .  366, M . S .  524 i 
E l  Segundo, C a l i f .  90245 
A t t n :  R .  B .  R o b i n s o n  

H u g h e s  R e s e a r c h  Lab .  C o r p .  
3011 Malibu C a n y o n  R d .  
Malibu, C a l i f .  90263 

I T T  R e s e a r c h  I n s t i t u t e  
10 W.  35th S t .  
chicago, 111. 60616 
A t t n :  D r .  H .  T .  Franc is  

I n s t i t u t e  fo r  D e f e n s e  
A n a l y s e s  

R&E Support D i v .  
400 A r m y - N a v y  D r i v e  
A r l . ,  V a .  22202 
A t t n :  M r .  R .  H a m i l t o n /  

D r .  Szego 
Idaho S t a t e  U n i v e r s i t y  

D e p t .  of C h e m i s t r y  
Pocatel lo ,  Idaho 83201 
A t t n :  D r .  G.  Myron A r c a n d  

I n s t i t u t e  of Gas Tech. 
S t a t e  and 34th S t .  
chicago, 111. 60616 
A t t n :  B .  S. B a k e r  
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ABSTRACT 

A c i r c u i t  t o  cont ro l  charge cu r ren t  
en ter ing  nickel-cadmium c e l l s  with a u x i l i a r y  
e lec t rodes  ( "  three-terminal" c e l l s )  using a 
shunt method of cont ro l  has  been developed by 
MEL f o r  use  i n  s a t e l l i t e  power systems requi r -  
ing m i n i m u m  weight and space w i t h  op thum con- 
t r o l  and temperature compensation. Reduction 
i n  charge cu r ren t  is caused when the  set 
limits of e i t h e r  the  t o t a l  b a t t e r y  terminal  
vol tage,  o r  the  po ten t i a l  cf rn. a.~xili5~rtr 1 . 

e lec t rode  of any individual  cell,  is exceeded. 
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SHUNT VOLTAGE REGULATOR CIRCUIT FOR NICKEL- 
CADMIUM CELLS W I T H  AUXILIARY ELECTRODES 

1.0 INTRODUCTION 

T h e  National Aeronautics and Space Administration, Goddard 
Space F l i g h t  Center, (GSFC), having requirements f o r  miniatur ized 
e l e c t r o n i c  equipment, contracted w i t h  MEL t o  develop charge 
con t ro l  c i r c u i t s  f o r  sa te l l i t e  b a t t e r y  power systems. A shunt 
vo l tage  r egu la to r  c i r c u i t  i s  described i n  re ferences  ( a )  and (b) .  
This c i r c u i t  was used a s  a base t o  develop a shunt vo l tage  regu- 
l a t o r  f o r  use with nickel-cadmiurn cells  containing an a u x i l i a r y  
electrode. 

1.1 Background. Charging a nickel-cadmium ce l l  t o  a nominal 100 
percent  of i t s  rated capac i ty  and than holding it i n  t h i s  condi- 
t i o n  without overcharging i s  a c r i t i c a l  problem. T h e  e a s i l y  
measured terminal  vo l tage  of the cell  cannot be used as  an i n d i c a t -  
ing  s i g n a l  for c o n t r o l  purposes, s i n c e  it i s  r e l a t i v e l y  f l a t  i n  
t h e  region of  100 percent  recharge. The vol tage  c h a r a c t e r i s t i c  
does no t  change m a t e r i a l l y  when the cel l  goes i n t o  overcharge and 
w i l l  remain a t  approximately 1.45 v o l t s  f o r  a moderate charge 
ra te  a t  25 C,* even though gassing may be tak ing  p lace  within the 
ce l l  proper.  Without a method f o r  determining the s t age  of gas  
generat ion the cells could e a s i l y  be undercharged, w i t h  r e s u l -  
t a n t  reduced capac i ty ,  o r  overcharged, w i t h  r e s u l t a n t  excessive 
gas  generat ion and the re fo re  poss ib le  des t ruc t ion  of the b a t t e r y .  
The inconsis tency i n  recharging a b a t t e r y  of  nickel-cadmium cells 
i s  obviously a c r i t i c a l  disadvantage i n  s a t e l l i t e  app l i ca t ions .  

1.2 Problem. Nickel-cadmium c e l l s  have been developed with an 
a u x i l i a r y  e l ec t rode  whose p o t e n t i a l ,  w i t h  respec t  t o  the cadmium 
e lec t rode ,  i s  con t ro l l ed  by t h e  gas condi t ion within the  cell .  
When a nickel-cadmium cell  i s  charged, no gas  i s  generated u n t i l  
approximately 80 percent  recharge has been obtained. 
of t h e  a u x i l i a r y  electrode i s  low during t h i s  period. As the 
ce l l  approaches 100 percent  recharge, t h e  gas generation wi th in  
the ce l l  inc reases  rap id ly ,  and th i s  causes a corresponding 
inc reas ing  p o t e n t i a l  on the a u x i l i a r y  e lec t rode .  

The p o t e n t i a l  

*Abbreviations used i n  t h i s  t e x t  a r e  from the GPO S t y l e  Manual, 
1959 8 u n l e s s  otherwise noted. 
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2.0 SOLUTION. 

The shunt vol tage regula tor  f o r  nickel-cadmium ce l l s  des- 
c r ibed  here  u t i l i z e s  t h e  a u x i l i a r y  e lec t rode  p o t e n t i a l  from each 
c e l l  i n  a b a t t e r y  t o  determine automatical ly  when a c e l l  has  
obtained 100 percent recharge.  I t  i s  designed t o  monitor con- 
t i n u a l l y  t h e  a u x i l i a r y  e lec t rode  p o t e n t i a l  of each c e l l  i n  a 
b a t t e r y  being charged and allows optimum recharging of t he  
hz t te ry  under given zonditioiis . As t he  a u x i l i a r y  e l ec t rode  
potential c?f any 3r;c c e l l  rises above a prese lec ted  value,  t h e  
con t ro l  c i r c u i t  w i l l  reduce the  charge cu r ren t  t o  t h e  b a t t e r y  
t o  a predetermined t r i c k l e  charge l e v e l  by "clamping" the  system 
terminal vol tage a t  i t s  lower l e v e l .  I n  add i t ion ,  should t h e  
b a t t e r y  terminal vol tage reach a maximum set l e v e l  before  an 
a u x i l i a r y  e lec t rode  vol tage increases ,  t h e  con t ro l  c i r c u i t  w i l l  
r'elamp" t h e  system terminal  vol tage t o  an upper vol tage  l e v e l .  
A l l  excess ava i l ab le  charging cu r ren t  w i l l  be shunted around t h e  
b a t t e r y .  

A block diagram of t h i s  con t ro l  c i r c u i t  appears i n  Figure 1, 
with a complete component diagram, Figure 1 - A  of Appendix A .  
Appendix B gives a d e t a i l e d  expla ina t ion  of t h e  vol tage d e t e c t o r  
used i n  t h i s  device.  A l abora tory  model, which combines t h i s  
shunt voltage regula tor  c i r c u i t  and an improved vers ion  of a 
series charge cur ren t  con t ro l  c i r c u i t  (MEL Report 25/65 of Apr i l  
65) ,  i s  described i n  Appendix C and shown i n  block diagram f o r m  
i n  Figure 1-C  and schematically i n  Figure 2-C. 

3.0 FUNCTIONAL CIRCUIT DESCRIPTION 

3.1 C i r c u i t  Operation. The shunt vo l tage  r egu la to r  c i r c u i t  f o r  
nickel-cadmium cel ls  with a u x i l i a r y  e l ec t rodes  i s  shown i n  block 
diagram form i n  Figure 1, 
used a s  a basis f o r  t h i s  c i r c u i t  i s  descr ibed i n  t h e  Data Book, 
reference ( a ) ,  and i t s  use a s  a two-level vo l tage  l i m i t e r  a s  used 
i n  t h i s  c i r c u i t  i s  explained i n  re ference  ( b ) .  The main d i f f e r -  
ence between t h i s  shunt r egu la to r  and t h e  one i n  re ference  (b)  i s  
t h a t  t h e  l o w e r  b a t t e r y  terminal  "clamp" vol tage  i s  con t ro l l ed  by 
t h e  output from the  a u x i l i a r y  e l ec t rode  detectors r a t h e r  than by a 
cu r ren t  de tec tor .  

The unmodified shunt vol tage regula tor  

3.1.1 The shunt regula tor  f o r  c e l l s  wi th  a u x i l i a r y  e l ec t rodes  con- 
s is ts  of four subc i r cu i t s :  a d e t e c t o r  s e c t i o n  (one f o r  each c e l l ) ,  
a square-wave generator,  a con t ro l  c i r c u i t ,  and a current-dump 
sec t ion .  

2 



3 

~- ~ 

MEL Report 93/66 

I 

DETECTOR INPUTS ONE PER 

r -  J--I I 
I 
I I 

I I 
I I 
I I 

BATTERY I 
I 
I I 
I 
I I 

I 

I I 

L-l- 

1 
I 
I 
I 

I I 

I LOAD 
I 
I 
I I 

I 
I I 
I I 

I 

I 
I 

I I 

I 
I 
I 
I 
I 

L,, 

r--c' 
I 

I 
I 

I 
I 
I 

I 
I 

I 

I 
'CHARGING I 

I- ' I 
I 
I 
I 

.J  

Figure 1 

Shunt Regulator for Cells 
with Auxiliary Electrodes 

0 

of its cell and translates this to a direct-current voltage 
level. 

Each detector monitors the auxiliary electrode potential 

0 The square-wave generator provides the drive signal 
necessary for detection operation. 

0 The control circuit amplifies the output of the detec- 
tor section to control the current-dump circuit. 

0 The current-dump circuit acts as a voltage-controlled 
impedance to "clamp" the voltage of the battery at a level 
determined by the control circuit. 

3.1.2 The purpose of this shunt regulator for cells with 
auxiliary electrodes is to allow a battery to receive maximum 
current until gas generation within a cell of the battery pro- 
duces a voltage level on the auxiliary electrode that causes 
the shunt regulator to voltage-limit the battery. As the 
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cel ls  i n  the b a t t e r y  approach 100 percent recharge,  gas  i s  
generated, producing a r i s i n g  a u x i l i a r y  e lec t rode  p o t e n t i a l .  
The f i r s t  c e l l ' s  a u x i l i a r y  e lec t rode  t o  reach the p r e s e t  "con- 
t r o l  i n i t i a t i o n "  value w i l l  cause the current-dump c i r c u i t  t o  
begin t o  shunt cu r ren t  around t h e  b a t t e r y .  A s  the cel ls '  
aux i l i a ry  e lec t rode  p o t e n t i a l  continues t o  increase,  the cu r ren t -  
dump c i r c u i t  shunts an increasing amount of cu r ren t  t o  ground 
thus  decreasing the charging cu r ren t  i n t o  the b a t t e r y  (assuming 
the c h a r g h c ~  scurce is current i imi t ed j .  That i s  t o  say, the 
effect ive impedance sf t h e  shunt r e g u i a t o r , h a s  been decreased 
thus allowing an increased cu r ren t  flow through it. T h i s  ac t ion  
continues u n t i l  any ce l l ' s  a u x i l i a r y  e lec t rode  reach the " f i n a l "  
value,  a t  w h i c h  po in t  the current-dump c i r c u i t  i s  shunting 
v i r t u a l l y  a l l  ava i l ab le  cu r ren t  from t h e  charging supply t o  
ground. That i s ,  the e f f e c t i v e  impedance has  been lowered t o  a 
po in t  such t h a t  the terminal  vol tage of the shunt r egu la to r  has  
been lowered t o  a poin t  such t h a t  t h e  terminal  vo l tage  of the 
shunt regulator  has  been clamped a t  t h e  proper value,  t h i s  
vol tage  being determined by the number of cells i n  the b a t t e r y  
and the ambient temperature.  T h e  b a t t e r y  w i l l  then f l o a t  on 
the regulator  and rece ive  j u s t  enough cu r ren t  t o  maintain i t s  
terminal  vol tage a t  t h i s  l o w e r  clamped value.  

Should the b a t t e r y  terminal  vol tage reach a predetermined maxi- 
mum value before  a u x i l i a r y  e l ec t rode  p o t e n t i a l  reaches t h e  con- 
t r o l  value,  the shunt r egu la to r  w i l l  clamp a t  t h i s  upper maxi- 
mum value.  Afterward, i f  a th i rd- te rmina l  p o t e n t i a l  rises 
beyond the cont ro l  value,  the system terminal  vo l tage  w i l l  be 
reduced and clamped i n  t h e  l o w e r  clamped terminal  vo l tage  condi- 
t i o n .  

The upper clamped terminal  vol tage i s  ad jus ted  for  the number 
of cel ls  in  the  b a t t e r y  and is  automatical ly  compensated for  
va r i a t ions  i n  b a t t e r y  vol tage  with temperature changes. 

A graph of the  upper and l o w e r  terminal  vo l t age  clamped s t a t e s  
with respect  t o  temperature, f o r  a b a t t e r y  of 11 cel ls ,  appears 
a s  Figure 2. 
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Figure 2 

Temperature Characteristics of 
Shunt Vo It age Regula tor 

4.0 SUMMARY AND CONCLUSIONS 

A shunt voltage regulator for nickel-cadmium cells has been 
developed that fully meets the original design objectives. The 
circuit has been temperature compensated to yield the desired 
terminal voltage characteristic over the range of -20 to 4 0  C ,  
Because of this compensation, the circuit's terminal voltage 
will conform to the terminal voltage characteristics of nickel- 
cadmium cells over this temperature range, as shown in Figure 2. 
Compensation for temperature-caused changes in auxiliary elec- 
trode potential can be added to the detector circuit if it is 
found to be necessary. 

At the request of NASA, instead of a prototype of this cir- 
cuit alone, one of this circuit integrated with an improved 
form of the series charge current control circuit ( m L  25/65 of 
April 1965) was built and delivered. 
in Appendix C .  

This device is described 
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A p p e n d i x  A 

C i r c u i t  D e s c r i p t i o n  of the S h u n t  V o l t a g e  R e g u l a t o r  
fo r  N i c k e l - C a d m i u m  C e l l s  with A u x i l i a r y  E l e c t r o d e s  
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References i n  t h i s  appendix a r e  t o  Figure 1-A which i l l u s t r a t e s  t h e  
stage-by-stage operat ion.  The appendix i s  a n a r r a t i v e  desc r ip t ion  
of t h e  c i r c u i t  proper and adjustments i n  t h e  main po r t ions  of t h e  
shunt vol tage regula tor  f o r  nickel-cadmium cells with a u x i l i a r y  
e lec t rodes .  F ina l ly ,  a p a r t s  l i s t  i s  provided. 

T h e  square-wave generator  is  a standard a s t a b l e  mul t iv ibra tor  
followed by an emitter-follower stage.  I t  c o n s i s t s  of Resistors 
R1 through R4 ,  Capacitors C3 and c4, and Trans i s to r s  Q1, Q2, and 
Q22. I t  provides approximately a 500-cycle, 5.5-volt  p o s i t i v e  
square wave t o  t h e  d e t e c t o r s  a s  a sampling s igna l .  The combina- 
t i o n  Of R 5  and Diodes D and D 7  provide a near ly  cons tan t  bias 
vol tage f o r  t h e  square wave generator.  

3 

Each d e t e c t o r  c o n s i s t s  Of Q4# D 4  through D 6 ,  R 6  through R , R41, 

i t s  a u x i l i a r y  e l ec t rode  p o t e n t i a l  i s  v i r t u a l l y  zero; thus,  
v i r t u a l l y  no d i r e c t  cu r ren t  f l o w s  through D 6 ,  R 8  and t h e  d i r e c t -  
cu r ren t  s i d e  of TI .  For the  square-wave sampling s i g n a l  i n  t h e  
a l t e rna t ing -cu r ren t  s i d e  of T1, t h i s  path appears a s  a high re- 
f l e c t e d  impedance. Therefore,  t he  energy of t h e  square wave i s  
s to red  i n  C2, s ince  t h e  path through D5, C2 i s  a l o w e r  impedance. 
This a l l o w s  C2 t o  maintain a d i r ec t - cu r ren t  vol tage l e v e l  s u f f i c i -  
e n t  t o  bias Q4 i n  a near s a tu ra t ion  s t a t e .  A s  t h e  nickel-cadmium 
approaches 100 percent  recharge,  i t s  a u x i l i a r y  e l ec t rode  p o t e n t i a l  
increases ,  thus allowing a low d i rec t -cur ren t  t o  flow through D 6 ,  
R 8 ,  A s  t h i s  cu r ren t  increases  
(with an increas ing  a u x i l i a r y  e lec t rode  p o t e n t i a l ) ,  the dynamic 
impedance of Diode D6 decreasess  thus lowering i t s  r e f l e c t e d  i m -  
pedance a s  seen by t h e  square wave. A 3  t h i s  impedance decreases, 
more energy is  d i s s i p a t e d  through T1, and less i s  s to red  i n  C2. 
This w i l l  l o w e r  t h e  d i r ec t - cu r ren t  vol tage maintained by C2 and 
W i l l  cause Q4 t o  t r a v e l  through i t s  a c t i v e  region toward cu tof f .  
m e n  Q4 is near  s a tu ra t ion ,  i t s  collector vol tage  i s  he ld  a t  less 
than 1 v o l t ;  b u t  a s  it moves through t h e  a c t i v e  region toward 
c u t o f f ,  i t s  collector vol tage increases  from less than a v o l t  
toward a maximum vol tage nea r ly  equal t o  t h e  b i a s  vol tage.  
Diodes D 4  of a l l  de t ec to r s  connected a t  t h i s  cathodes,  they ac t  
as an "OR" c i r c u i t ,  meaning t h a t  the h ighes t  anode vol tage  i s  t h a t  
which appears  a t  t h e  cathode connection of t h e  diodes.  Therefore,  
t h e  d e t e c t o r  with the h ighes t  output vol tage w i l l  be t h e  c o n t r o l -  
l i n g  s i g n a l .  

c2,  and Transformer T1. I f  a ce l l  i s  i n  a discharged con 9 i t i o n ,  

and t h e  d i r ec t - cu r ren t  s i d e  of T1. 

With 

A - 1  
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The cont ro l  sec t ion  c o n s i s t s  of Q3, Q5 through Q9, C 1 ,  C 5 ,  9 

t h e  c i r c u i t  performs t w o  funct ions.  

I 

through R22, R42, D l l ,  D2, and T C 1  through TC4.  This Section Of 

The f i r s t  function i s  t o  a c t  a s  t h e  sensing and amplifying port ion 
( i - e . ,  the feedback loop) of a shunt vol tage regula tor .  To per-  
form t h i s  function, vol tage d iv ide r  R 
system terminal vol tage and app l i e s  a port ion of it t o  the  base of 
Q6. 

I f  the  system terminal  a s tandard,  maintained by D1, D2# and R 
vo l tage  tends t o  increase beyond i t s  design l i m i t ,  t h e  output v o l t -  
age of the  d i f f e r e n t i a l  ampl i f i e r  w i l l  increase (an e r r o r  s i g n a l )  
causing increased conduction i n  Q 8 .  This,  i n  tu rn ,  causes i n -  
creased conduction i n  Q9 by d i r e c t  appl ica t ion  and thus  increases  
t h e  output vol tage of the  cont ro l  sec t ion .  The second funct ion 
of t h i s  sec t ion  i s  t o  amplify the  d e t e c t o r  output  s i g n a l ,  modify 
it, i f  necessary,  according t o  the  des i red  temperature charac te r -  
i s t ic ,  and apply t h i s  s igna l  t o  the  current-dump sec t ion .  This 
i s  accomplished by applying t h e  d e t e c t o r  output  s i g n a l  t o  t h e  
gate of Q3 through % and ~ 4 ~ .  The f i e l d  e f f e c t  t r a n s i s t o r  (FET)  
Q3 i s  used a s  a va r i ab le  impedance across  t h e  bottom h a l f  of Volt-  
age Divider R12, R 1 3 #  R 1 1 ,  TCl, T C ~ ,  TC3. A s  t h e  d e t e c t o r  output 
increases ,  t he  e f f e c t i v e  impedance of Q? increases ,  thus  allowing 
a higher  vol tage a t  t he  base Of Q5 causing t h e  conduction of Q5 t o  
increase .  The e f f e c t  of increased conduction of Q5 on Qg i s  
s i m i l a r  t o  t h e  e f f e c t  of an increase  of system terminal  vol tage.  
Therefore,  the subsequent ac t ion  w i l l  be a s  described above u n t i l  
t he  output vol tage of t h e  con t ro l  s ec t ion  i s  increased due t o  the  
increase i n  de t ec to r  output.  

R 1 6 ,  TC4 monitors t h e  15' 
The d i f f e r e n t i a l  ampl i f ie r ,  ~ 6 ,  Q ~ ,  compares t h i s  vol tage t o  

20' 

The current-dump sec t ion  performs a s  i t s  name implies .  A r i s i n g  
control-sect ion output appl ied  d i r e c t l y  t o  t h e  bases  of Q10, Ql l ,  
Q120 Q13 causes these  t r a n s i s t o r s  t o  conduct enough c u r r e n t  from 
the  charging supply so t h a t  i t s  terminal  vo l tage  cannot increase  
above the des i red  value.  This system was designed with four  
p a r a l l e l  dumping t r a n s i s t o r s  so t h a t ,  f o r  space app l i ca t ions ,  t h e  
h e a t  d i s s ipa t ed  can be d i s t r i b u t e d .  Resistors R2 , R24, 
a r e  f o r  feedback purposes t o  cause t h e  dumping t r  a n s i s t o r s  
s e l f  -balance. 

'271; R26' 

Temperature compensation of t h e  te rmina l  vo l tage  of t h i s  c i r c u i t  
i s  accomplished by t h e  s e n s i s t o r s *  TC through TC4. From t h e  

1 

*A t radename f o r  a s i l i c o n  res is tor  with a temperature c o e f f i c i e n t  
of +9.7$/"c 
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above explanation it i s  e a s i l y  seen how the  system terminal  v o l t -  
age clamp (upper vol tage clamp), i n i t i a t e d  by a r i s i n g  b a t t e r y  
terminal  vol tage,  i s  temperature compensated by TC4. For example 
i f  t h e  ambient temperature increases ,  the r e s i s t a n c e  va lue  of TC4 
increases ,  r a i s i n g  the base bias vol tage of Q6 w h i c h  r e s u l t s  i n  
a lowered system te rmina l  vo l tage  a s  desired.  I t  is  a l s o  r e a l i z -  
a b l e  t h a t  t h i s  w i l l  a id  the  compensation of the system terminal-  
vo l tage  clamp ( l o w e r  vol tage clamp) i n i t i a t e d  by the th i rd- te rmina l  
inputs .  However, t he  p r i n c i p a l  compensating elements f o r  th i s  
vol tage  clamped s t a t e  a r e  TCl, TC2, T C ~ .  
th i s  lower clamped s t a t e ,  a r i s i n g  ambient temperature would 
increase  the r e s i s t a n c e  values of these s e n s i s t o r s ,  thus  increas-  
ing  the base b i a s  vol tage  of Q5 which w i l l  i n  t u rn  decrease t h e  
system terminal  vol tage.  By using various temperature-sensi t ive 
elements elsewhere i n  the two-voltage d i v i d e r s  containing TC1 
through TC4, a wide range of system terminal  vo l tage  temperature 
c h a r a c t e r i s t i c s  can be obtained. 

I f  the system w e r e  i n  

A number of adjustments have been provided i n  t h i s  c i r c u i t  design 
so tha t  a w i d e  range of operat ing c h a r a c t e r i s t i c s  can be selected. 
The shunt vo l tage  r egu la to r  a s  described here w a s  designed t o  
opera te  w i t h  nominally 11 cells.  I f  it i s  des i red  t o  opera te  with 
g r e a t e r  than 13 c e l l s ,  o r  less than  9 cells ,  then some minor 
changes i n  component values  may be necessary besides the addi t ion  
or sub t r ac t ion  of de t ec to r s .  

I t  i s  obvious from the previous compensation d iscuss ion  t h a t  
a d j u s t i n g  Potentiometer R can a l t e r  the l e v e l  of upper clamped 

Increas-  l 2  6' vo l tage  s ince  it con t ro l s  he base b i a s  vol tage of Q 
ing  R 1 5  r a i s e s  the l e v e l  of the upper clamped vol tage .  Again, 
t h i s  c o n t r o l  w i l l  have some e f f e c t  on the lower clamped vol tage.  
However, t h e  primary l e v e l  con t ro l  f o r  the lower clamped vol tage  
i s  R 1 3  which con t ro l s  the base b i a s  vol tage  of  Q 

Obviously then, when t h i s  c i r e u i t 2  i s  ca l ib ra t ed ,  t h e  upper 
clamped vo l t age  should be set f irst  be fo re  t h e  l o w e r  clamped v o l t -  
age. T h i s  can be accomplished by s e t t i n g  R i n  each d e t e c t o r  t o  7 
approximately 8000 ohms, asce r t a in ing  t h a t  a l l  d e t e c t o r  i npu t s  
are below 50 m i l l i v o l t s  (or  by disconnecting t h e m ) ,  s e t t i n g  the 
charging supply terminal vol tage higher than the desired upper 
clamped vol tage ,  then ad jus t ing  R u n t i l  the dump c i r c u i t  con- 
d u c t s  enough cu r ren t  t o  l o w e r  the charging supply terminal  v o l t -  
age t o  the desired upper clamped voltage.  
Supply i s  used as the charging source, i t s  output  cu r ren t  should 
be l i m i t e d  t o  t he  maximum value allowable f o r  the cells t o  be used. 
i .e.,  3 amperes f o r  t h e  design described h e r e ) .  

5' 

15 
( I f  a labora tory  power 

Now r a i s e  any 
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de tec to r  input  t o  o r  above 300 m i l l i v o l t s  and a d j u s t  R 
t h e  system terminal vol tage i s  reduced t o  t h e  lower clamped value.  
This completes t h e  terminal vol tage c a l i b r a t i o n .  

u n t i l  13 

Now with one d e t e c t o r  input  set  a t  t he  des i red  " i n i t i a t i o n "  
value,  and a l l  o the r s  below 50 m i l l i v o l t s ,  and with % and R~~ 
adlusted t o  
u n t i l  the system terminal vol tage j u s t  begins t o  decrease= Next, 
r a i s e  t h i s  de t ec to r  input  t o  the  des i r ed  " f i n a l "  value ( t h i s  w i l l  
put  t h e  system terminal vol tage i n  t h e  lower clamped s t a t e )  and 
increase the  value of R and/or R4* u n t i l  t h e  system terminal 9 vol tage  j u s t  begins t o  Increase.  This s e t s  t h e  a c t i v e  region of 
th i rd-e lec t rode  input  con t ro l .  Repeat t h i s  readjustment of R 
f o r  each de tec to r  using the  des i red  input  " i n i t i a t i o n "  value and 
t h e  c a l i b r a t i o n  procedure w i l l  be complete. 

a d j u s t  R7 i n  t h e  de t ec to r  with the  des i red  input  

7 

The losses  of t h i s  vol tage regula tor  c i r c u i t  i t s e l f  a r e  nominal. 
The maximum poss ib le  l o s s  which occurs j u s t  p r i o r  t o  cur ren t -  
dumping ac t ion ,  i s  750 mi l l iwa t t s .  

A -4 
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PARTS LIST FOR SHUNT VOLTAGE CIRCUIT 

Transis tors 

Q1 
Q2 
Q3 
Q4 
Q5 
Q6 
Q7 
Q8 
Q9 
Q10 
Q11 
Q12 

Q13 
Q22 

~~ ~~ 

2N1303 
2N1303 
2~2841 
2N930 
2~1613 
2N2907 
2N2907 

2N2905 
154-04 Westinghouse or 
154-04 Westinghouse or 
154-04 Westinghouse or 
154-04 Westinghouse or 

2~1482 

2~1302 

Regula tor 
Less expensive 
Equivalents 
for 1,aboratory Wakefield Heat 
Instruments Sink No. 

NF -209 
NC -403 
NC -403 
NC -403 
NC -403 

NOTE: Semiconductors noted in parenthesis are Fairchild Semi- 
conductor Epoxy Packages 

Sensistors 

10K 
10K TC 

Tc3 1 OK 

Tcl 
2 

Tc4 3 *9K 

Tc = Sensistors 1/4 watt (Silicon resistors by Texas Instruments) 
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. Resistors 

R1 
%! 
R3 
R4 

R7 

Rs 
R1O 
R1l 

R12 
R13 

5 
R6 

R8 

R 

14 
R 

15 R 

R16 
R17 
R18 
19 R 

$0 

R21 
%2 
$3 
R24 
25 
26 
R41 
R42 
NOTE: 

R 

R 

1 OK 

47K 
47K 

255 ohm 

2 5 ~  Pot. 
475 ohm 

10K 

1OK 

1 Meg Pot. 
22 Meg 

39K 

31.6K 
10K Pot. 

5.1~ 

3.92K 
5 . 1 ~  

5K Pot. 

5.1~ 
5.1K 
1OK 
10K 
560 ohm 
10 ohm, low 
10 ohm, low 
10 ohm, low 

10 ohm, low 

MEL Report 93/66 

Wakefield Heat Sink N o .  

NC 623 
(Dale) 

(Dale) 

(Dale) 
NC 623 

4.m 
1 Meg Pot. 

All Resistors 1/2 watt unless noted otherwise. 
Laboratory instrument. 

5% for 
1% for space model 

All Potentiometers 25 turns wire wound except % and R42 I 
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CaDacitors Diodes 

1 0  uf 
10 uf 

.033 uf 

.033 uf 

c2 

c3 

c5 10 uf  
4 

C 

All Capacitors s o l i d  tantalum 
20$, 35 WVDC unless  noted 
otherwise. 

Dl 

D2 
D3 
D4 
D, 
D; 

7 D 

Transformer 

T1 - Sprague E l e c t r i c  Company 
R l l l l  
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A p p e n d i x  B 

Theory of D i o d e  D e t e c t o r  O p e r a t i o n  
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The c i r c u i t  diagram of a de t ec to r  from t h e  charge-current con t ro l  
c i r c u i t  f o r  nickel-cadmium cel ls  with con t ro l  e lec t rodes  (three- 
terminal  ce l l s )  i s  shown i n  Figure 1-B.  The b a s i c  concept which 
governs t h e  operat ion of t h i s  de tec tor  i s  shown i n  t h e  equivalent  
c i r c u i t  of t h e  input  por t ion  of t h i s  de tec tor  i n  Figure 2-B. The  
va r i ab le  impedance, RR, i n  Figure 2-B is  t h e  e f f e c t i v e  impedance 
of Diode D 6  and Resistor R 8  r e f l e c t e d  t o  the a l t e rna t ing -cu r ren t  
side of t h e  1 t o  1 transformer,  TI. 
t h e  d i r ec t - cu r ren t  s i d e  of TI. The c h a r a c t e r i s t i c  curve i s  equal 
t o  t h e  inverse  of the impedance of t h i s  D 6 ,  R 8  combination. 
can be seen from Figure 3-B t h a t ,  as t h e  vol tage across  D 6 ,  
increases ,  t h e  cu r ren t  through them increases  and t h e i r  e f f e c t i v e  
impedance decreases.  Therefore,  a s  the p o t e n t i a l  on t h e  con t ro l  
e l ec t rode  ( t h i r d  terminal)  increases ,  t h e  e f f e c t i v e  impedance of D 
D 6 ,  R 8  decreases.  The impedance of the  d i r ec t - cu r ren t  s i d e  of 
T i  remains cons tan t  and i s  small  compared t o  the  impedance of D 6 ,  
R 8 ,  and i s  the re fo re  ignored. Now it can be seen from Figures 
1-B and 2-B t h a t  a r i s i n g  third- terminal  p o t e n t i a l ,  causing a 
reduction i n  t h e  r e f l e c t e d  impedance, RR, w i l l  decrease the 
power from t h e  square wave generator  a v a i l a b l e  t o  t h e  amplifying 
por t ion  of t h e  detector, through D 5  and C2, by d i s s i p a t i n g  it i n  

RR-  
cons tan t  c u r r e n t  t o  t h e  p a r a l l e l  combination of RR and RA ( t h e  
e f f e c t i v e  impedance of t h e  input  t o  the  amplifying por t ion  of t h e  
d e t e c t o r )  and L,  t h e  a l t e rna t ing -cu r ren t  winding of transformer 
Ti. Therefore,  a s  RR decreases,  it w i l l  decrease t h e  impedance 
of t h i s  p a r a l l e l  combination, and a smaller vol tage drop w i l l  
appear on t h e  base of Q4. 

D 6  and R 8  a r e  connected t o  

I t  

R 8  

The square-wave generator  and resistor R 7  supply a r e l a t i v e l y  

Mathematically, th is  concept i s  expressed by: 

ID = I R  ( e  qvD - 1) the diode equation - 

B - 1  
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where 

6 = e f f e c t i v e  impedance of Diode D 

6 VD = voltage across  D 

= cur ren t  through D6 
I D  

IP, = sa tura ted  value of reverse  cu r ren t  thrOUyh " 6  

q = e lec t ron  charge 

k = Boltzmann's constant  

T = absolu te  temperature, K 

= voltage across  Rp 
VRa 

V = th i rd- te rmina l  p o t e n t i a l  

I t  i s  e a s i l y  seen t h a t  RR w i l l  decrease a s  V increases ,  s i n c e  
e qvD/kT increases  a t  a f a s t e r  r a t e  than VD alone a s  V increases .  
I t  i s  understood t h a t  RR and t h e  combined impedance of D6 and R 8  
a r e  i d e n t i c a l ,  s ince  an impedance can be " re f l ec t ed"  from one 
s i d e  of a transformer t o  the  o the r  with a mult iplying f a c t o r  
equal t o  the  transformer tu rns  r a t i o  ( i n  t h i s  case, 1 : 1). 
This proves the  inverse dependence of t h e  r e f l e c t e d  impedance, 
RR, on the cont ro l  e l ec t rode  ( th i rd - t e rmina l )  p o t e n t i a l  of t h e  
ce l l  t o  which t h i s  de t ec to r  i s  connected. 

Also (from Figure 2 - B ) :  
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RR RA + XL 

w h e r e  

I = cur ren t  i n t o  RA 
RA 

= vol tage  across  RA 

RA = e f f e c t i v e  impedance of the inpu t  t o  the amplifying 
po r t ion  of t h e  d e t e c t o r  

= impedance of the a l t e rna t ing -cu r ren t  winding of t h e  
transformer,  T~ xL 

VG 
= output  vol tage of square wave generator  

A = amplitude of VG 

u ( t ) ,  u ( t - a )  ... = t i m e  d isplaced u n i t  s t e p  funct ions 

I t  i s  evident  t h a t  a s  RR decreases, V and I decrease,  thus 

reducing the  vol tage  (and hence the  base cu r ren t  of Q4) a v a i l a b l e  
t o  t h e  amplifying por t ion  of the de tec tor .  

RA RA 
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T h e  i n i t i a l  po in t  of the a c t i v e  region ( s e n s i t i v i t y )  of these 
de tec to r s  can be var ied  f r o m  zero up t o  severa l  hundred v o l t s  
by a proper choice of the d e t e c t o r  diode, D 6 ,  and Res is tor  R 8 .  
Conventional diodes o r  s t a b i s t o r s  a r e  used f o r  the low vol tage  
range and Zeners can be used  f o r  high voltages.  

. 

The w i d t h  of t he  a c t i v e  region i s  a l s o  a f f ec t ed  s l i g h t l y  by the 
choice of D 6  and R 8 ,  bu t  i n  the  main i s  se t  by the  choice Of 

c i r c u i t r y  immediately following the de tec to r  outputs .  T h e  i n -  
put impedance and cu r ren t  required from the t h i r d  terminal 
w i l l  vary accordingly.  

Transformer T1 i n  each d e t e c t o r  provides complete i s o l a t i o n  
be tween cel ls  and between each ce l l  and the c i r c u i t r y  which 
follows it. Also the mode t o  which all detector outputs  a r e  
connected c o n s t i t u t e s  an "OR" c i r c u i t  which gives  both con t ro l  
l o g i c  and e l e c t r i c a l  i s o l a t i o n  between indiv idua l  d e t e c t o r  
outputs .  
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The shunt vo l tage  regula tor  and t h e  s e r i e s  charge cu r ren t  con t ro l  
c i r c u i t  f o r  a u x i l i a r y  electrode nickel-cadmium cells in t eg ra t ed  
i n t o  one labora tory  instrument a r e  shown i n  block diagram form i n  
Figure 1-C and schematically i n  Figure 2-C. This device provides 
the user  with t h e  choice of using e i t h e r  a shunt o r  series form 
of cu r ren t  con t ro l  i n  a three-terminal cel l  t e s t i n g  program. 

A s  seen i n  Figure 14,  the s a m e  square-wave generator  and de tec-  
t o r  sec t ions  a r e  used i n  t h e  t w o  cont ro l  systems. 
con t ro l  system used i n  t h i s  instrument i s  exac t ly  a s  described 
above i n  t h i s  r e p o r t ) .  H o w e v e r ,  s ince t h e  e n t i r e  instrument w i l l  
n o t  be temperature cycled with the  c e l l s  under test ,  t h e  tempera- 
t u r e  compensating elements are  connected a t  t he  end of a cable ,  
a s  noted i n  Figure 2 4 ,  ins tead  of i n t e r n a l l y  i n  t h e  c i r c u i t .  
Placing t h e  compensating elements i n  the  temperature chamber 
along with the cells w i l l  insure  maintenance of t he  des i r ed  
system terminal  vol tage temperature c h a r a c t e r i s t i c s .  The shunt 
con t ro l  system, as  shown i n  Figure 2-C, i s  se lec ted  by throwing 
switch S ,  t o  i t s  "shunt" pos i t i on  and plugging the  charging power 
source i n t o  i t s  "shunt" receptac le .  A s  shown, t h i s  system i s  
designed t o  handle a 9-# lo- ,  or 11-ce l l  ba t t e ry .  Any unused detec- 
t o r  inputs  a r e  t o  be l e f t  open-circuited.  

(The shunt 

The series con t ro l  system shown i n  Figure 2-C  i s  an improved 
vers ion of  t h a t  described i n  MEL Report 25/65 of May 1965. The 
m o s t  obvious change is  t h a t  it i s  now self-powered, no ex te rna l  
power supply i s  needed. The inve r t e r  power supply i s  a t w o -  
transformer i n v e r t e r ,  f i l t e r ,  and d i r ec t - cu r ren t  vo l tage  r egu la to r  
w h i c h  transforms power from t h e  charge cur ren t  supply t o  a stable 
b i a s  vo l t age  f o r  t h e  con t ro l  c i r c u i t e .  

c o n t r o l  system can be used with batteries of 5 cells  or batteries 
of 10 o r  11 cells. The input  t o  the  con t ro l  sec t ion  has  been 
improved t o  a l l o w  a higher  fan-in from the  de t ec to r  sec t ion .  
T h e  i npu t  impedance of t h e  f i e l d  e f f e c t  t r a n s i s t o r ,  Q17, which 
i s  i n  excess of 100 megohms, is  used f o r  this  purpose. The FET, 
Q17# ope ra t e s  as  a noninverting ampl i f ie r  which r a i s e s  t h e  i n -  
pu t  t o  a16 when t h e  d e t e c t o r  output  increases ,  
i n p u t  t o  Q l 6  l o w e r s  i t s  output,  thus lowering t h e  input  t o  Q15 
and tending t o  tu rn  it o f f .  
d r i v e  of the series con t ro l  elementp Q14 is  decreased which 
a c t i o n ,  i n  tu rn ,  decreases t h e  charge cur ren t .  

The Switches S and S5 
a r e  included t o  a l t e r  t h e  b i a s ing  conditions so tha t  t 2 e series 

An increas ing  

A s  Q 1 5  is turned o f f  t h e  base 

c-1 
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1 
, A l l  other operat ions of t he  series cont ro l  system a r e  as reported 
1 

i n  MEL Report 25/65 of May 1965. 
i s  se lec ted  by throwing S w i t c h  S1, t o  i t s  "series" pos i t ion ,  
plugging the charging power source i n t o  i t s  series receptance,  
and se l ec t ing  operat ion f o r  e i t h e r  a 5-cell b a t t e r y  o r  a 10- 
o r  11-cel l  b a t t e r y  by means of S w i t c h e s  S3 and S5. 

Operation of the series system 
I 

I 

I 
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